Small-angle diffraction of polarized neutrons and resonant contribution to diffraction of synchrotron radiation have been applied to prove chirality of the crystal and magnetic structures of the magnetoelectric insulator Cu 2 OSeO 3 . Similarly to other chiral magnets with P 2 1 3 crystal structure the corresponding chiralities are linked to each other via the phenomenological Dzyaloshinskii-Moriya interaction. The crystal and magnetic structures for Cu 2 OSeO 3 have the same chirality as is observed for MnSi, Mn 1−x Fe x Si, and MnGe. However, the combination of chiralities is opposite to that proposed from a recent theoretical consideration. The chiral link between structure and magnetism previously found for metallic compounds is also proved to exist for an insulator (Cu 2 OSeO 3 ), allowing us to conclude that the conducting electrons play no role in a possible common microscopic mechanism of this specific magnetolattice interaction.
The coupling between structural and magnetic properties results in many interesting and technologically important phenomena: the magnetoelastic effect, magnetostriction, and magnetoelectric coupling may serve as important examples [1] . Another type of coupling is possible if a chiral magnetic order forms on a chiral crystal lattice [2] . Such a chiral link has been determined experimentally for the well-known itinerant chiral magnets that display the cubic space group P 2 1 3, MnSi [3] [4] [5] , Mn 1−x Fe x Si [6] , Fe 1−x Co x Si [7] , Mn 1−x Fe x Ge [8] for both the helically ordered ground state and also for the so-called skyrmion phase [9] . Detailed studies even show that the crystal chirality can be controlled during the crystal growth process [7] . Importantly, the magnetic chirality is intrinsically dependent on the structural one via the Dzyaloshinskii-Moriya interaction (DMI) [10] since it is the chemical composition which sets the sign of the DMI [8] . The microscopic mechanism underlying the chiral magnetolattice coupling, and which describes the chemical control of the magnetic chirality, is still, however, unclear. The possible explanation may be related to magnetotransport properties as discussed in Ref. [5] . Alternatively, the effect of next-nearest neighbors and outer shells on the sign of the DMI was suggest in the theoretical analysis of Ref. [11] .
Cu 2 OSeO 3 is another compound with the P 2 1 3 chiral cubic structure that has a magnetoelectric coupling together with the DMI [12] [13] [14] . It shows magnetic chirality and, furthermore, a magnetic field-temperature (H-T) phase diagram that is very similar to MnSi and related compounds [15, 16] . However, unlike the other compounds Cu 2 OSeO 3 is an insulator. Nonetheless, it has the same magnetic phases as MnSi: a helical phase, a single domain conical phase, an induced ferromagnetic phase (ferrimagnetic in Cu 2 OSeO 3 ), and also * diadkin@esrf.fr the so-called A phase. The last phase exists in a small pocket of magnetic field and temperature and contains the skyrmion lattice, which is found for the first time in insulating materials. It was recently shown that in the two-dimensional limit (thin film) the skyrmion phase in Cu 2 OSeO 3 becomes stable over a wider range of H and T [17] and the magnetoelectric coupling of this compound allows for the rotation of the skyrmion lattice as a function of applied electric field [18] . However, the correlation between the structural and magnetic chiralities has not yet been tested for Cu 2 OSeO 3 . Such a study is especially interesting bearing in mind that the insulating character of the material allows us to exclude any contribution due to conducting electrons.
The crystal structure of Cu 2 OSeO 3 has been studied before [19, 20] but has never been revisited using modern crystallographic tools that allow the establishment of the absolute structure via the refinement of so-called Flack parameter [21] [22] [23] . Such analysis is based on the difference between Friedel pairs [I (hkl) − I (hkl)] due to a resonant contribution in the x-ray scattering amplitudes. A measured difference provides direct information concerning the ratio between two opposite-handed structural domains for chiral space groups. A Flack parameter equal to zero corresponds to a single domain of the chiral structure (enantiopure) with the atomic coordinates calculated during such a refinement providing an absolute (i.e., with fixed handedness) structural configuration.
The ground state magnetic structure of Cu 2 OSeO 3 is a proper spin helix [15] . The chiral sense of the magnetic modulation can be unambiguously identified using polarized neutron scattering [24] . This is done by determining the difference between two intensities collected at the same point of reciprocal space for two opposite neutron polarizations (along and opposite to a magnetic guide field) of the incident neutron beam; the method has been successfully implemented before for MnSi [3] [4] [5] , Mn 1−x Fe x Si [6] , Fe 1−x Co x Si [7] , Ho [25] , and Dy/Y multilayers [26] . Due to the large helical period for the title compound [15] (d = 646 ± 45Å) the first diffraction peak is expected at q = |k| ≈ 0.01Å −1 , where k is the helical wave vector which value is k = 2π/d. The q range is most easily accessible using the small-angle neutron scattering (SANS) technique.
In this Rapid Communication, we present the results of synchrotron single crystal diffraction, and polarized SANS experiments done on the same single crystal. We show that in both experiments the diffracting structure appears as an enantiopure object. On the basis of a structural analysis, we define the sense of the absolute crystal structure and compare it with the sense of the magnetic helix with the latter being set according to a left-handed MnSi sample taken as a standard.
Cu 2 OSeO 3 single crystals were synthesized via chemical vapor transport redox reactions. CuO and SeO 2 were sealed in a silica ampule (of length 20 cm and diameter 3.6 cm) together with 200 mbar of HCl (electronic grade purity). The ampule was subsequently placed in a two-zone furnace with chargeand growth-zone temperatures of 880 and 800 K, respectively. After three weeks, the transport process was completed and dark green crystals of Cu 2 OSeO 3 were collected.
The chirality of the magnetic helix in our Cu 2 OSeO 3 single crystal was measured using the D22 SANS machine (ILL, Grenoble, France); the initial polarization of the neutron beam was P 0 = 0.84. The wave length of the neutron beam was set to 8.15Å and the Cu 2 OSeO 3 single crystal was aligned such that the beam went parallel to the [001] crystallographic direction and the magnetic Bragg peaks (δ,0,0), δ = 0.01Å −1 , were in a range accessible with the detector. The magnetic field was applied normal to the beam (for further details see Ref. [27] ) and the temperature was controlled using an ILL Orange cryostat.
The handedness of a magnetic helix can be unambiguously characterized by comparing its diffraction pattern to that for a standard reference sample. We have used an MnSi single crystal as such a reference standard since it has been thoroughly characterized before [5] and its chirality has also been confirmed by different techniques [9, 28] . MnSi single crystals can be grown in both left-and right-handed forms, that respectively result in left-and right-handed magnetic helices at low temperature [7] ; a left-handed single crystal was used in our experiment. Figure 1 shows typical SANS diffraction patterns from both MnSi and Cu 2 OSeO 3 . As one can see, the reference sample shows a maximum of the scattering intensity at the right side of the detector when the initial polarization of the neutron beam P 0 is along the magnetic guide field [ Fig. 1(a) ] and at the left side for the opposite neutron polarization [ Fig. 1(b) ]. Clearly, the Cu 2 OSeO 3 sample displays the opposite behavior. Since the MnSi sample is known to be 100% magnetically left-handed [3] [4] [5] , we define the magnetic chirality of the Cu 2 OSeO 3 sample as right-handed.
Using the SANS data we can estimate the chiral magnetic fraction in Cu 2 OSeO 3 , γ , as where ψ is the azimuthal angle between the scattering vector q and P 0 . The sample polarization P s is calculated as
where I (+P 0 ,Q) and I (−P 0 ,Q) are the integrated scattering intensities measured at the same point of reciprocal space Q = k but for opposite initial polarizations. The typical intensity dependence as a function of the magnetic field at the point Q = k is shown in Fig. 2 . Here, B C1 is the first critical magnetic field, above which the cubic anisotropy is overcome and the magnetic helices change their orientation from q 100 to the direction parallel to B. B C2 is the second critical magnetic field, above which the sample becomes ferrimagnetic. Figure 3 shows the dependency of the magnetic chiral fraction on the relative magnetic field B/B C2 for the standard MnSi sample (top panel) and the Cu 2 OSeO 3 sample (bottom panel). Cu 2 OSeO 3 is discovered to be enantiopure within uncertainty (the ratio of volume fractions of domains with opposite to MnSi chirality is not more than ≈1/100).
The synchrotron single crystal diffraction data [30] agree well with previously reported [13, 19, 20] structure. The full sphere of Bragg reflections was used to refine the Flack parameter [η f = −0.028 (12) ]. According to Ref. [31] such a result corresponds to a chiral crystal that is not twinned by inversion. Therefore, the absolute structure (Tables I and II) can be used to set the sense of chirality for a given Cu 2 OSeO 3 crystal, and it is done the following way. First, we note that both the Cu 2 OSeO 3 and MnSi crystal structures display the same P 2 1 3 space group and also a magnetic ion occupying the same Wyckoff position; both Cu(1) (Table II) left-handed structure while x ≈ 1 − 0.137 = 0.863 indicates the right-handed enantiomer [6] . Due to the similarity between Cu(1) in Cu 2 OSeO 3 (x = 0.8639) and Mn in MnSi (x = 0.863 for the right-handed form) we define the observed absolute structure in Cu 2 OSeO 3 to be right-handed. This definition agrees with that proposed in Ref. [32] which was made on the basis of closeness of the P 2 1 3 symmetry describing the absolute structure to P 4 1 32. Such a closeness was first noted in Ref. [2] and also recently mentioned in Ref. [33] for the B20 compounds. The crystal structure of Cu 2 OSeO 3 is normally characterized in terms of copper-centered polyhedrons [13] . Here we apply the concept of anion-centered building blocks [34] which provides a rather simple description of the determined crystal structure. In this case, the minimal structural unit is composed of two corner-sharing oxygen-centered tetrahedrons [ Fig. 4(a) ] that form [O 2 Cu 7 ] 10+ dimers. Such a building block orders ferrimagnetically [13, 35] with opposite direction of magnetic moments localized on Cu(1) and Cu (2) [Fig. 4(b) ]. As shown 10+ dimer (a) with the magnetic moments (b) adopted from Refs. [13, 35] . These dimers form a spiral along the axis (111) (c). The 3D framework made by the dimers along (110) (d). in Fig. 4(c) , the dimers form a screw propagating along the [111] direction of the cubic cell. Additionally, the dimers are connected in a 3D framework [ Fig. 4(d) ] with vast pores filled by cation-centered tetrahedrons SeO 3 -lp, where lp stands for lone electron pair [13] . The 3D framework of [O 2 Cu 7 ] 10+ dimers carry magnetic properties that can be influenced by additional superexchange paths involving oxygen anions in the SeO 3 -lp units. These exchange contributions have been discussed in Ref. [35] ; such an intrinsic coupling between magnetic framework and polar entities filling the pores could even serve as a pathway for a magnetoelectric response.
Similarly to the B20 compounds, one could expect an inherent link between the structural chirality of the 3D dimer framework and the chirality of the magnetic structure. All measurements concerning the magnetic and structural chiralities done so far on P 2 1 3 compounds [3] [4] [5] [6] [7] [8] [9] are summarized in Table III . Despite very different transport and magnetotransport properties, these compounds display similar magnetic phase diagrams, have the same space group, and have magnetic and structural chiralities correlated with each other.
Notably, the structure of Cu 2 OSeO 3 with the same set of coordinates as present in Table II has also been denoted as right-handed in the Ref. [32] . There, a multishell Heisenberg-like model was implemented for calculating the expected sign of the DMI based on the chirality of the crystal structure [11] . The expectations of the model successfully describe the relationship between the two chiralities for MnSi observed experimentally (Table III) [11, 32] yet predicts the opposite chiral interrelation for the case of Cu 2 OSeO 3 ; the right-handed structure is expected to conjugate with the left-handed magnetic helix [32] . The experimental findings reported here show that this conjecture does not meet reality and so calls for a theoretical revision. A possible reconciliation between theory and experiment may be achieved by including more coordinating shells in the theoretical analysis.
In this Rapid Communication we have shown the combination of polarized SANS and single crystal diffraction of synchrotron radiation to provide unambiguous information concerning the chiral senses of magnetic and crystal structures. For Cu 2 OSeO 3 this powerful combination of experimental techniques has been applied for the first time. Similarly to monosilicide and monogermanide 3d-metal families, Cu 2 OSeO 3 is also found to be enantiopure for both magnetic and crystal structures. These observations indicate rather a high energy barrier to separate the two enantiopure domains, and that a low density of domain walls and larger domains are energetically more favorable.
We have found that the crystal and magnetic structures for Cu 2 OSeO 3 have the same chirality. The same relationship between two chiralities was observed in MnSi, Mn 1−x Fe x Si, and MnGe. At variance, FeGe and Fe 1−x Co x Si always show the opposite magnetic and structural chiralities. We expect that combining these findings will constrain new calculations concerned with a general microscopic understanding of the coupling between the chiralities. The observed relationship between structural and magnetic chiralities both for metals (MnSi [3] [4] [5] 9] , FeGe [8] , MnGe [8] and solid solutions Fe 1−x Co x Si [5, 7, 9] , Mn 1−x Fe x Si [6] , Mn 1−x Fe x Ge [8] ) and an insulator (Cu 2 OSeO 3 ) allows us to conclude that conduction electrons play no role in a possible common mechanism describing the magnetolattice interaction.
Stringent tests of theories describing the magnetolattice interaction will also need to describe the chiral couplings in materials with space groups different from P 2 1 3. Prominent examples include Cr 1/3 NbS 2 (space group P 6 3 22) [36] and the trigonal chiral compound Ba 3 NbFe 3 Si 2 O 14 (space group P 321) [37] [38] [39] , which displays structurally enantiopure crystals with single magnetic chirality. The accumulation of experimental data on the coupling between structural and magnetic chiralities is a necessary condition not only for understanding the underlying microscopic mechanisms but also for developing the control of exotic magnetic textures as is widely discussed in the context of potential spintronics applications [18, 40] . This mostly missing experimental information on the chiral coupling between structure and magnetism in magnetoelectrics is especially important for the so-called skyrmion phase which could potentially offer new energy-efficient spintronics options [17] .
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